Figure 2. The Binding of G␣ t and G␣ o to RGS9 Splice Isoforms Attached to the Ni-NTA Agarose Beads
Both ␣ subunits were activated by AlF 4 Ϫ , which mimics the transition conformation for GTP hydrolysis most favorable for binding to RGS proteins (Tesmer et al., 1997) . The amounts of G␣ t and G␣ o retaining on the beads was determined by Western blotting using antibodies specific for each subunit.
enriched with G o (Worley et al., 1986). Interestingly, RGS9-2 was also active with G t , although these proteins have not been reported to be localized in the same cells (Rahman et al., 1999) . With all three G proteins tested, the activity of RGS9-2 was higher than the activity of RGS9-1. PDE␥ stimulated the activity of RGS9-1 not only with transducin but also with G␣ o and G␣ i . In all three cases, the G protein GTPase activity level observed with RGS9-2 alone was approximately the same as the level observed with the combination of RGS9-1 and PDE␥. Although G o and G i are not expressed in the same cells with PDE␥ in vivo, this observation is consistent with biochemical data showing that PDE␥ can interact with these G protein ␣ subunits in vitro (Otto-Bruc et al., 1994). In contrast to RGS9-1, the activity of RGS9-2 was always inhibited by PDE␥, likely reflecting the competition between RGS9-2 and PDE␥ for binding to G protein ␣ subunits (see below). Taken together, these data indicate that RGS9-2 alone has the same catalytic proper- the same functional role in facilitating RGS9-2 interactions with G protein ␣ subunits as PDE␥ does for RGS9-1. This conclusion is further supported by the observation that the C terminus of RGS9-2 expressed the latter conclusion has not been tested in direct biochemical experiments. Therefore, we conducted a kias an individual protein (CT) was able to enhance the ability of RGS9-1 to stimulate the GTPase activity of G␣ o netic analysis of G t , G o , and G i GTPase regulation by recombinant RGS9-2 and compared its catalytic proper-( Figure 1B ). The effect of CT was about one half of the effect caused by PDE␥ when both proteins were used ties with those of RGS9-1 ( Figure 1A) .
In our studies, we used recombinant RGS9 isoforms at saturating concentrations. Direct evidence that the C-terminal domain of RGS9-2 complexed with their constitutive subunit, the type 5 G protein ␤ subunit, G␤5 (Snow et Figure 1A ) and likely reflects a higher affinity of RGS9-2 for the AlF 4 Ϫ -activated G␣ o used in pull-down assays than for GTP-activated G␣ o used in GTPase assays. This affinity difference results in a more efficient RGS9-2 competition with PDE␥ for binding to G␣ o in pull-down assays than in GTPase assays. The likely reason why PDE␥ still competes with RGS9-2 for G␣ t in pull-down assays is that the absolute affinity of PDE␥ for G␣ t is much higher than its affinity for G␣ o (Otto-Bruc et al., 1994). In summary, the results obtained in pull positively charged N-terminal regions with an abrupt transition to strongly negatively charged C-terminal sequences. In both, the transition point is located close fore compared the catalytic activity of RGS9-2 with the activity of the RGS9-2 mutant in which the anionic region to the sites of exon boundaries. The cationic regions, although different in length, are both rich in prolines was deleted (RGS9-2⌬45) and with RGS9-1, which naturally lacks both regions ( Figure 3B ). The rate of the G␣ o and arginines and contain conserved SH3 recognition motifs. The anionic regions are similar in length and GTPase activity observed with the RGS9-2⌬45 mutant was found to be intermediate between the rates obcontain a highly homologous sequence of approximately 12 amino acids, which includes a stretch of six served with the two splice variants of RGS9. The data from pull-down assays shown in Figure 3C indicate that identical amino acids.
The structural similarity between PDE␥ and the C terthis reduction in activity results from a reduction in the affinity between RGS9-2⌬45 and G␣ o . The affinity of the minus of RGS9-2 prompted us to assess the relative contributions of cationic and anionic regions from the RGS9-2⌬45 mutant for G␣ o in these assays was found to be intermediate between the affinities of the RGS9 C terminus of RGS9-2 in regulating the GTPase activity of G␣ o . It is well established that both cationic and ansplice variants ( Figure 3C ). Taken together, the data from Figures 3B and 3C indicate that the cationic and anionic ionic regions of PDE␥ contribute to its high-affinity binding to G␣ t (reviewed in Pfister et al., 1993), with several regions of the RGS9-2 C terminus make approximately equal contributions to its ability to serve as an affinity hydrophobic amino acids of the anionic region, including Trp70, being crucial for the ability of PDE␥ to facilitate adaptor between RGS9-2 and G␣ o . We also tested whether the six amino acid residues RGS9-1-G␣ t interactions (Slepak et al., 1995) . We there-of RGS9-2 (662-667), which are identical to the residues 66-71 of PDE␥, are important for activating G␣ o GTPase by RGS9-2. However, the activity of RGS9-2 did not decrease when all six residues were substituted for alanines ( Figure 3B ). These results indicate that the overall structural organization of the affinity adaptor domains in two different pathways is important for their function, whereas the roles of individual amino acid residues within these domains are not necessarily functionally conserved.
Discussion
An unsolved puzzle in the field of signal transduction is how the physiological timing of signaling events is conferred through the interactions between activated G protein ␣ subunits and their negative regulators, RGS proteins. To solve this problem, it is crucial to understand how the specificity of G protein-RGS protein mutual recognition is achieved on the molecular level. The results obtained in this study indicate that this specificity can be attained by the action of protein domains or subunits serving as affinity adapters between RGS proteins and their G protein ␣ subunit partners.
Remarkably, the positioning of affinity adapters on different molecules in various signaling pathways provides flexibility in accommodating for these pathways' specific functional requirements. Two examples shown in Figure 4 illustrate the consequences of placing these adapters either on the G protein effectors or on the RGS Meanwhile, the low affinity between RGS9-1 and free G␣ t prevents G␣ t discharge before it activates PDE (Figand final) were added duced by PCR using a BamHI containing the upstream primer and the mutagenic primer 5Ј-CCCTTCCGCCAGGCTCGCCGCGGCGGC when necessary. The samples were incubated on ice for 10 min with occasional shaking. The beads were spun down and washed GGCGGCTTCTT-3Ј followed by reamplification using a 3Ј flanking primer containing an EcoRI site. Deletion of 45 C-terminal amino twice with 1 ml of the binding buffer supplemented with 20 mM imidazole. NaF, AlCl 3 , and PDE␥ were also present in samples initially acids of RGS9-2 (631-675) was performed by PCR using primer 5Ј-GATGAATTCAGATCTGGAAAAAGTTGGCTAC-3Ј also containing containing these components. Bound G␣ subunits were eluted from the beads with 50 l SDS-PAGE sample buffer. 10 l aliquots of the an EcoRI site and the upstream BamHI-containing primer. The region encoding the C-terminal part of RGS9-2 (aa 467-675) was ameluates were then subjected to SDS-PAGE. The bound G␣ subunits were detected using commercial polyclonal antibodies against each plified by PCR using primer 5Ј-TGACGGATCCCCAGGTCAGCACTT GGC-3Ј containing BamHI and the downstream EcoRI primer. The subunit from Santa Cruz Biotechnology. resulting PCR products were treated with BamHI and EcoRI endonucleases and cloned into the pVL1392 plasmid in place of the wild
